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ABSTRACT
The postcranial skeleton of the varanopid synapsid

Aerosaurus wellesi is reconstructed based on several

specimens including partly articulated material of an
apparently fully adult specimen. Comparisons are made with
other known varanopid taxa, reaffirming its position as a
basal varanodontine. Aerosaurus was an obligatory,

sprawling-gaited animal with an extremely long tail and a
presacral column that descended posteriorly at an angle of

25°. Aerosaurus shares many synapomorphies with other

varanodontines: tall neural spines, double headed ribs,
presence of a supraglenoid foramen, broadly expanded
proximal and distal heads of humerus, high degree of twist

or torque of the humeral heads about the shaft, radius

shorter than humerus, expanded heads of femur, femur lacks
a sigmoid curvature, and humerus and femur roughly subequal

in length. The high degree of torque in the humerus, the

extremely long tail, and the subequal lengths of the
humerus and femur are judged as primitive features of basal

tetrapods, whereas the length of the centra being 23%
greater than the width and the expanded clavicular plate
are specializations also seen in some later, derived

varanodontines.
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CHAPTER ONE

INTRODUCTION

The diversification of amniotes and their close

relatives during the Late Paleozoic marked a key transition
in terrestrial vertebrate evolution. From the Middle
Carboniferous through the Late Permian the two major groups
of amniotes, basal Synapsida (ultimately including
mammals), and Reptilia (ultimately including extant
reptiles and birds) quickly became the dominant

constituents of terrestrial vertebrate ecosystems. The
early Synapsid record is arguably more complete than that

of basal Reptilia; particularly in the Middle to Late

Carboniferous (Wideman, Sumida, and O'Neil, 2005). Though

some have a large body size which can influence chances for
preservation, a clear understanding of basal Synapsids may

offer the best insight into the early evolution of Amniota

(Hopson, 1991).

Phylogenetic and Taxonomic Context
The phylogeny of the primitive basal Synapsida,

frequently referred to as "pelycosaurs" or "pelycosaurian-

grade synapsids" is well studied (Berman, Reisz, Bolt, and
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Scott, 1995; Maddin, Sidor, and Reisz, 2008; Reisz, 1986;
Reisz, Berman, and Scott, 1992; Reisz, Dilkes, and Berman,

1998). Phylogenetic analyses are based primarily on cranial
characters, 82, 83, and 89% for Maddin, Evans, and Reisz

(2006), Campione and Reisz (2010) and Anderson and Reisz
(2004), respectively, postcranial features can also be
useful, but are often overlooked.

Further, understanding

of postcranial anatomy can offer significant insight into

functional and behavioral biology (Frobisch and Reisz,
2009).
Reisz et al.

(1998) and others (Berman et al., 1995;

Maddin et al., 2008; Reisz, 1986; Reisz et al., 1992; Reisz
and Dilkes, 2003) divide the "pelycosaurian-grade

synapsids" into two clades, Caseosauria, and

Eupelycosauria. Among caseosaurians the postcranial
skeleton of the basalmost Oedaleops and Eothyris are

represented by few remains (Reisz, Godfrey, and Scott,
2009; Sumida, Pelletier, Berman, and English, 2009; Sumida,
Pelletier, and Berman, in press). The postcrania of caseids

is well known; however, and demonstrates significant
specializations associated with high-fiber herbivory and
may therefore not be representative of the basal synapsid

condition (Botha-Brink and Modesto, 2007; Hotton, Olson,
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and Beerbower, 1997). Among eupelycosaurs, the family

Varanopidae is considered the sister taxon to all other
eupelycosaurs and, therefore, have the potential of

offering considerable insight into the evolution of the
latter (Maddin et al., 2008; Reisz, 1986; Reisz and Berman,

2001). Varanopids have attracted considerable attention
recently, having one of the longest temporal ranges of any

Paleozoic synapsid group, from the latest Carboniferous to
the late Middle Permian (Anderson and Reisz, 2004), a

widely dispersed global distribution (Dilkes and Reisz,
1996; Reisz et al., 1998; Reisz and Dilkes, 2003), and

provides one of the earliest examples of potential parental

care in the amniote fossil record (Botha-Brink and Modesto,
2007) .

As noted above, the phylogeny of varanopids is fairly
well studied but is based overwhelmingly on cranial data

(Botha-Brink and Modesto, 2009; Campione and Reisz, 2010;

Maddin et al., 2006). Furthermore, Varanopidae is the

basalmost family of "pelycosaurs" for which postcranial
information is abundant.

Ten varanopid genera are currently recognized:

Archaeovenator (Reisz and Dilkes, 2003), Pyozia (Anderson
and Reisz, 2004) which may not belong in the Varanopidae
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(see Maddin et al., 2006), Varanops (Campione and Reisz,
2010; Williston, 1911, 1914), Varanodon (Olson, 1965),

Aerosaurus (Langston, 1953; Langston and Reisz, 1981; Romer
and Price, 1940), Elliotsmithia (Dilkes and Reisz, 1996;

Reisz et al., 1998), Mycterosaurus (Berman and Reisz, 1982;

Reisz, Wilson, and Scott, 1997), Mesenosaurus (Reisz and
Berman, 2001), Watongia (Reisz and Laurin, 2004),

Heleosaurus (Botha-Brink and Modesto, 2009; Carroll, 1976;
Reisz and Modesto, 2007) and Apsisaurus (Laurin, 1991;
Reisz, Laurin, and Marjanovic, 2010). With the exception of
Watongia, most of these varanopid taxa are known from

reasonably complete cranial materials. Several taxa also
have articulated or associated postcranial materials,

unfortunately only a relative few have been described

(Botha-Brink and Modesto, 2009; Campione and Reisz, 2010;
Carroll, 1976; Williston, 1911).
There are two species in the genus Aerosaurus; A.

greenleeorum from the Upper Pennsylvanian of El Cobre

Canyon, New Mexico, represented by partial skull and

postcranial remains (Romer and Price, 1940) and A. wellesi.
Aerosaurus wellesi is represented by some of the best

preserved and most complete postcrania of any varanopid.
Although these materials were available to Langston and
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Reisz (1981), with the exception of the pes, little else
was illustrated in that publication, and the postcranial

description was minimal.

Preparation and study of material

assignable to Aerosaurus at the University of California

Museum of Paleontology (UCMP) indicates that it preserves
one of the most complete postcrania of any "pelycosaurian"-

grade synapsid, and therefore provides a basis for a

reasonably confident reconstruction of the entire
postcranium. Postcranial features known to be

characteristic of the Varanopidae are: 1) midventral margin
of dorsal centra ridged but without a distinct keel, 2)

lateral excavation at base of dorsal neural spines, 3) a

plate-like head of the interclavicles; 4) two to three
subequal sacral ribs are present (Reisz and Dilkes, 2003);
and 5) a long, slender femur with a length to distal width

greater than 3:1;

(Reisz and Modesto, 2007).

Geological and Geographic Context
Specimens described here attributable to Aerosaurus
wellesi (UCMP Locality V-2814) were discovered by Charles

L. Camp in 1928. The Camp Quarry is located in the Lower
Permian (Wolfcampian) redbeds of the New Mexico Cutler
Formation in south central Rio Arriba County near Arroyo de

5

Agua (Lucas et al., 2005). The Cutler Formation of central
New Mexico was recently elevated to group status by Lucas

et al.

(2005) and includes the El Cobre Canyon Formation

which spans the Pennsylvanian-Permain boundary and the

Arroyo de Agua Formation. The Camp Quarry is located in the
upper El Cobre Canyon Formation and therefore remains

Wolfcampian in age (Lucas et al., 2005). All of the

quarries of the El Cobre Canyon Formation are considered
the same biostratigraphic assemblage by Lucas et al.

(2005); therefore the only other species in the genus
Aerosaurus, A. greenleeorum, may be similar in age to A.
wellesi. In 1935, Samuel P. Welles collected six siltstone
blocks totaling about 9.15 m2. These blocks contain two

almost complete skeletons of Aerosaurus wellesi, one
juvenile and one adult, plus scattered bones then

attributed to Limnosceloides (now considered a nomen
dubium, Wideman et al., 2005), the basal eothyridid

caseosaurian synapsid Oedaleops, and the larger

sphenacodontid synapsid Sphenacodon (Sumida et al., 2009).
Langston (1953) suggested that the character of the

sediments in this area seemed to depict a flood plain
deposit.

However, Eberth and Miall (1991) demonstrated

that the Cutler Formation in Arroyo de Agua represented an
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arid climate with ephemeral anastomosing streams running

south-southwest from the San Luis-Uncompahgre Uplift.
Crevasse channels that spilled into sheet splays may have

formed ephemeral ponds for vertebrates. The channels formed
U-shaped, mixed-fill units that were eventually filled by

flooding and aggradation. The disarticulated vertebrate
remains were probably washed here as lag deposits during a
flooding event, whereas the better articulated remains may
be the result of attritional accumulation (Eberth and
Miall, 1991). Regardless of the depositional environment,
the well-articulated condition of the Aerosaurus remains

suggests rapid burial; yet Langston (1953) suggested that
the partial disarticulation of the larger specimen meant

that death and burial were not coeval events. On the basis

of the excellent condition of the Aerosaurus skeletons

relative to the few scattered remains of the other taxa,
Langston (1953, pg 357) wrote that Aerosaurus may have been

dragging dead animals here to a "nesting" site. Notably,
the earliest record for nesting behavior in a basal amniote
has been demonstrated for another varanopid, Heleosaurus

(Botha-Brink and Modesto, 2007, 2009).
Varanopids have a wide geographic range including
North America, Europe, Russia, and South Africa (Berman,
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Henrici, Sumida, Martens, and Pelletier, in press; Maddin
et al., 2006; Reisz and Berman, 2001; Reisz and Laurin,

2004; Reisz and Modesto, 2007). Varanopidae is a highly
conservative lineage without the specializations for

herbivory of the Caseidae and Edaphosauridae or greatly

elongated neural spines of Spenacodontidae, that was able
J

to survive the climatic changes of the Permian and coexist

with the therapsids in both Laurasia and Gondwana while
other groups of eupelycosaurs were replaced (Reisz et al.,

1998; Reisz and Berman, 2001).

Unfortunately, fossils of

varanopids are rare in lowland aquatic ecosystems (Reisz
and Modesto, 2007), which are by far the more common of

Late Carboniferous and Permian fossiliferous sites (Sumida,
Berman, Eberth, and Henrici, 2004). Thus, it has been

suggested that perhaps they were more abundant members of
Early Permian upland terrestrial ecosystems, where they may

have been top apex predators but where fossils are less
likely to be preserved (Berman et al., in press; Maddin et

al., 2006). Only two such sites are currently known and
documented, the Lower Permian Bromacker locality of central
Germany (Eberth, Berman, Sumida, and Hopf, 2000) and the

Richards Spur (Dolese Brothers Limestone Quarry, also known
as Fort Sill) locality of central Oklahoma (Evans, Maddin,
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and Reisz, 2009; Maddin et al., 2006; Reisz et al., 1997).

Published and illustrated accounts from these localities

have so far presented only fragmentary varanopid remains,
one species in the former site and three in the latter

site. Other sites are mainly mixed assemblage aquatic to
semi-terrestrial with occasional terrestrial components

dominated by sphenacodontids, ophiacodontids, and
edaphosaurids (Evans et al., 2009).
Our understanding of the postcrania of other

varanopids is based on usually one, often poorly preserved,

specimen per locality (Reisz et al., 1998; Reisz and
Berman, 2001; Reisz and Dilkes, 2003). Thus, the excellent
preservation and complete representation of virtually the
entire skeleton of Aerosaurus wellesi from north-central
New Mexico is fortuitous, offering insight into the

postcranial construction and biology of early amniotes. A
study of the postcranium can allow us to interpret agility

as a predator compared to other tetrapods of the time and
any terrestrial specializations that may have been present.

As a basal varanodontine, Aerosaurus can give insight into
the body plan and mode of life from which other
varanodontines evolved.
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This study provides:

(1) the first complete

documentation of the postcranial skeleton of the varanopid
Aerosaurus,

(2) and a basis for comparison with other

varanopid and eupelycosaurian postcrania, arid (3) allows a

full body reconstruction of Aerosaurus in lateral and
dorsal view.
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CHAPTER TWO
MATERIALS

A partly articulated skeleton consisting of a string

of dorsal vertebrae, some with associated intercentra and
ribs, three strings of caudal vertebrae, disarticulated

ribs including one sacral, clavicle, scapulocoracoid, two
ulnae, radius, disarticulated manus elements, ilium,
ischium, pubis, femur, two tibiae, two fibulae, two

partially articulated pedes, UCMP 40097; humerus, femur,
vertebrae, and ribs, UCMP 40093; clavicle, ribs, vertebrae,

UCMP 40098; ribs. UCMP 40094.
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CHAPTER THREE

DESCRIPTION

Axial Skeleton
The vertebral column of Aerosaurus consists of at
least 110 vertebrae, including 27 presacral. vertebrae, the

standard number for eupelycosaurs (Reisz and Dilkes, 2003).

Previous sacral vertebrae counts for varanopids suggest two
vertebrae (Romer and Price, 1940), unfortunately the exact

number cannot be counted on these specimens. At least 80
caudal vertebrae can be confidently accounted for; this
includes three strings plus a few unassociated caudals, a

much higher count than previously reported for
eupelycosaurs which on average is 60 caudals (Romer and

Price, 1940). The primitive varanopid Archaeovenator has
approximately 66, 22 articulated and approximately 2/3 of
the length missing (Reisz and Dilkes, 2003), and Varanops

53, 47 of which are in articulation and approximately six
missing (Williston, 1911). Given the disparity in the sizes

of the fore and hindlimbs, the presacral column would have

descended posteriorly at an angle of about 25° from a

horizontal plane as reconstructed by Romer and Price
(1940).
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The average length of the middorsal centra is 23%

greater than the width, with an approximately 13 mm length
and 10 mm width (Fig. 1). This is in contrast to the

FIGURE 1. Dorsal vertebrae (UCMP 40097) in right
lateral view of A - D, Varanodontines and E ~ G,
Mycterosaurines.
(A) Aerosaurus wellesi; (B) Varanops
brevirostris (after Campione and Reisz, 2010); (C)
Varanodon agilis (after Olson, 1965); (D) Watongia
meieri (after Reisz and Laurin, 2004);
(E) Heleosaurus
scholtzi (after Carroll, 1976); (F) Mycterosaurus
longiceps (after Reisz et al., 1997); (G)
Archaeovenator hamiltonensis (after Reisz and Dilkes,
2003). Abbreviations: ne, neural excavation; ns,
neural spine; poz, postzygapophysis; prz,

13

prezygapophysis; tp, transverse process. Scale bars
equal 1 cm.

condition in Varanops, in which they are eight percent

greater for the same measurement (Campione and Reisz, 2010)
and Mycterosaurus, in which the centra are as wide as they
are long (Berman and Reisz, 1982).

The entire length of

the reconstructed column in Aerosaurus is approximately

1170-1180 mm. The length of the caudal centra decrease
posteriorly from 12 mm in the first caudal vertebrae to
nine millimeters in the 38th, and then six millimeters in
the posteriormost caudals. By way of contrast, in

Archaeovenator there is a slight increase in the length of
the caudal centra anteriorly (Reisz and Dilkes, 2003). The

dorsal centra are amphicoelous, as in other "pelycosaurs"

(Romer and Price, 1940). A midventral ridge is present,
similar to that in Watongia (Reisz and Laurin, 2004),

Pyozia (Anderson and Reisz, 2004), and Varanops (Maddin et

al., 2006). The ridge is rounded compared to the sharp keel
in sphenacodontids and forms a ventral lip on both the
anterior and posterior centrum rims (Fig. 2) similar to
that in Aerosaurus greenleeorum (Romer and Price, 1940).
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FIGURE 2.
Dorsal vertebrae in posterior
view.
(A) Aerosaurus wellesi (UCMP 40098) as
preserved showing partial distortion; (B)
Varanops brevirostris (after Campione and
Reisz, 2010); (C) Heleosaurus scholtzi (after
Carroll, 1976); (D) Mycterosaurus longlceps
(after Reisz et al., 1997). Abbreviations:
ns, neural spine; poz, postzygapophysis; tp,
transverse process. Scale bars equal 1 cm.

In marked contrast, a shallow midventral groove is formed

by parallel ridges in Heleosaurus (Reisz and Modesto,
2007) . Presence of a midventral ridge is uncertain in the

sacral and caudal vertebrae of Aerosaurus. The anterior
edge of the centra is concave in lateral view with a slight

bevel for the intercentrum, as in Varanops (Maddin et al.,
2006), whereas the posterior edge is convex. As in

Elliotsmithia (Reisz et al., 1998), there are no
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longitudinal ridges present on the lateral surfaces of the
centra below the transverse process.
Intercentra are unfused and present throughout most of
the dorsal column.

Chevrons, or haemal arches, are present

in the caudal series after the fourth caudal vertebra and
can be traced to the 22nd. The chevrons increase in length

posteriorly from 22 mm to 26 mm for the fourth chevron.

More posteriorly they decrease gradually in length. The
last one is on caudal 26 and is a small spike-like form.
The chevron spine is laterally flattened and slightly

sigmoidal in lateral view, ending in a blunt tip.
The transverse processes of the dorsal vertebrae which

extend laterally and slightly dorsally five to seven
millimeters from the centrum, are located just anteriorly
of the centrum midlength. The zygapophyses are positioned

approximately 2.5 mm above the centra and do not extend
beyond the lateral margin of the centrum. The
prezygapophyses and postzygapophyses face dorsomedially and

ventrolaterally, respectively. In Mycterosaurus (Berman and
Reisz, 1982) the zygapophyses extend slightly beyond the

lateral surface of the centra and in Heleosaurus they
extend even further (Botha-Brink and Modesto, 2009)

2). The surface between the neural spine and the
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(Fig.

postzygapophyses in Aerosaurus is concave, whereas in
cotylosaurs it is convex, and in ophiacodonts and Varanops
it is straight (Romer and Price, 1940). The dorsal neural
spines are subrectangular in shape and extend as much as 20
mm above the centrum with a height almost twice that of the

centra (Fig. 1), similar to that in Mycterosaurus (Berman
and Reisz, 1982), but considerably shorter than Varanops,

which are three times the height of the centra (Campione
and Reisz, 2010; Williston, 1911;). The spine widens from

seven millimeters at its base to nine millimeters at its
dorsal junction. At the base of the lateral surface of the
neural spine is a deep elongate lateral excavation, similar
to that in Watongia (Reisz and Laurin, 2004) and Varanops

(Campione and Reisz, 2010; Maddin et al., 2006). Lateral
excavations are present also in Mycterosaurus (Berman and
Reisz, 1982) and Heleosaurus, but are shallower and in

Heleosaurus occur only in the cervical region (Reisz and
Modesto, 2007) . Although the number of sacral vertebrae in
the referred specimen, UCMP 40097, cannot be determined,

Langston and Reisz (1981) reported three in the holotype,

UCMP 40096. This is unusual in that most varanopids,
including the closely related Varanops, have only two

sacral vertebrae (Olson, 1965; Reisz and Dilkes, 2003;
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Williston, 1911) which is the plesiomorphic condition for

synapsids.
The ribs are double headed with distinct tubercular
and capitular articulations, which is similar to those in

Varanodon (Olson, 1965) and Varanops (Campione and Reisz,
2010; Williston, 1911). In contrast, the ribs in

Heleosaurus (Botha-Brink and Modesto, 2009), Mycterosaurus
(Berman and Reisz, 1982), and Archaeovenator (Reisz and

Dilkes, 2003) are holocephalous with a single, expanded,
triangular head. There is a thin sheet of bone extending
between the two heads that is notched for the segmental
artery. The longest rib in Aerosaurus is 92.5 mm and along
its proximodorsal surface is a ridge for attachment of the

iliocostalis muscle (Olson, 1936; Romer and Price, 1940).

Posteriorly the ribs curve downward but become less so
distally (Fig. 3). This suggests that the trunk was rather

deep and narrow.

The sacral ribs are Y-shaped with a

short, cylindrical proximal neck and a plate-like distal
portion that descends along the inner surface of the ilium.
The articular face is straight and the one preserved rib is
not fused to its centrum. As in Varanodon (Olson, 1965),
the first four caudal ribs curve directly posteriorly. The

first caudal rib is the longest, extending beyond the
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A

C

FIGURE 3. Ribs of Aerosaurus (UCMP
40097). (A) left rib in dorsal
view, (B-D) left ribs in ventral
view (E) left caudal rib.

succeeding four caudals, thus paralleling the subsequent
three ribs which become progressively shorter, with the
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fourth just reaching the posterior margin of the centra of
its origin.

Although technically dermal elements and not ribs,
mention of the gastralia is made here for the sake of

completeness. The gastralia are slender and rod-shaped and
in life were probably aligned in a chevron pattern (Romer
and Price, 1940) not unlike those in Varanodon (Olson,

1965) and Varanops (Williston, 1911).

Appendicular Skeleton
Neither the cleithrum nor the interclavicle has been

found in any of the studied specimens (Langston and Reisz,
1981). The clavicle (UCMP 40097) consists of a narrow, rod
like dorsal shaft that curves posteriorly and an expanded

ventral portion that curves medially and anteriorly (Fig.

4). The plate has a greater expansion than that in Watongia
(Reisz and Laurin, 2004), Archaeovenator (Reisz and Dilkes,

2003) or Heleosaurus (Reisz and Modesto, 2007). The
clavicle measures approximately 59 mm in vertical length,
whereas the transverse width of the plate is 27 mm.
Striations extend from the base of the shaft across to the
ventral plate. The upper portion of the scapular blade in
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FIGURE 4. Left clavicles of varanopids in
lateral view. (A) Aerosaurus wellesi (UCMP
40097); (B) Varanops brevirostris (after
Williston, 1911); (C) Watongia meieri (after
Reisz and Laurin, 2004). Scale bars equal 1
cm.

UCMP 40097 has been broken off leaving only about 38 mm
remaining. A suture separating the scapula and anterior

coracoid is not visible in most varanopids (Berman and
Reisz, 1982; Reisz and Dilkes, 2003) with the exception of

Varanops, where sutures are either present or the elements

have separated (Campione and Reisz, 2010; Williston, 1911).
A posterior coracoid has not been identified in any of the

Aerosaurus specimens, whereas in Mycterosaurus (Berman and
Reisz, 1982), Heleosaurus (Botha-Brink and Modesto 2009),
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A. greenleeorum (Romer and Price, 1940), Varanodon (Olson,

1965), and Varanops (Campione and Reisz, 2010) they are
fully ossified and suturally attached or fused with the

scapulocoracoid (Fig.5). As in most basal amniotes, the
glenoid cavity is screw-shaped, with the anterior end

FIGURE 5. Right scapulocoracoids of varanopids in
lateral view. (A) Aerosaurus wellesi (UCMP 40097);
(B) Varanops brevlrostris (after Campione and Reisz,
2010); (C) Mycterosaurus longiceps (after Reisz et
al., 1997). Abbreviations: ant cor, anterior
coracoid; f cor, coracoid foramen; glen, glenoid
cavity; scap blade, scapular blade; sgl bt,
supraqlenoid buttress. Scale bars equal 1 cm.
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facing posteroventrally and the posterior end facing
anterodorsally. The triangular supraglenoid buttress faces

posterolaterally and is triangular in shape. As in A.
greenleeorum (Romer and Price, 1940), Varanops (Williston,

1911), and Pyozia (Anderson and Reisz, 2004), a
supraglenoid foramen is located just anterior to the

midwidth of the scapular blade. A supraglenoid foramen has
not been identified in Heleosaurus (Reisz and Modesto,

2007), Mycterosaurus (Berman and Reisz, 1982), or
Archaeovenator (Reisz and Dilkes, 2003). A well-developed

anteroventrally oriented ridge is present anterior to the
glenoid, ventral to which is a deep depression containing
the coracoid foramen. The anterior ventral margin of the

anterior coracoid is broadly convex. The basal portion of
the scapular blade is angled posteriorly about 80° from the

coracoid plate. A notch is present at the presumed division
of the scapula and anterior coracoid.
The humerus (UCMP 40093) is typically tetrahedral in

shape, with a well-defined shaft and expanded proximal and

distal heads (Fig. 6). It measures approximately 78 mm in
length, and whereas the width of the incomplete proximal
head cannot be determined, the width of the complete distal

head is 29 mm, which is 39% of the humeral length.
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FIGURE 6. Left humeri of A - D, varanodontines and E F, mycterosaurines.
(A) Aerosaurus wellesi (UCMP 40093)
in dorsal view; (B) Varanops brevirostris in dorsal view
(after and reversed from right to left from Campione and
Reisz, 2010); (C) Varanodon agilis in dorsal view (after
Olson, 1965); (D) Watongia meieri in ventral view
(after Reisz and Laurin, 2004); (E) Heleosaurus scholtzi
in dorsal view (after Botha-Brink and Modesto, 2009);
(F) Mycterosaurus longiceps in ventral view (after Reisz
et al., 1997). Abbreviations: ect, ectepicondyle; ent,
entepicondyle; lat d, tubercle for latissimus dorsi;
prox art, proximal articular surface. Scale bars equal 1
cm.

Varanops (Campione and Reisz, 2010; Maddin et al., 2006;
Williston, 1911), and Watongia (Reisz and Laurin, 2004) the
proximal and distal heads are also broadly expanded. This
is not the case in Archaeovenator (Reisz and Dilkes, 2003),
Mycterosaurus (Berman and Reisz, 1982), and Heleosaurus

(Botha-Brink and Modesto, 2009) in which the proximal and
distal heads are 36% and 33% the length of the humerus,
respectively. The planes of the proximal and distal heads
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meet at an angle of approximately 90°, this angle, termed
the torque, is very high for a varanopid. The torque is 70,

60, and 40° in Varanops (Williston, 1911), Watongia (Reisz
and Laurin, 2004), and Heleosaurus (Botha-Brink and

Modesto, 2009) respectively, although in Watongia it has

been flattened slightly (Reisz and Laurin, 2004). In
Aerosaurus a distinct tubercle for the latissimus dorsi is
present on the posterior edge of the proximal dorsal
surface. The entepicondylar foramen is an oval opening on a

ridge which extends from the proximal head to the
entepicondyle where it ends in a somewhat truncated margin.
The supinator process is not strongly differentiated and is

separated from the ectepicondyle by what appears to be a

shallow groove for the radial nerve and accessory blood
vessels. An ectepicondylar foramen is not present, as in

most other varanopids (Berman and Reisz, 1982; Maddin et

al., 2006; Reisz and Laurin, 2004), with the exception of
Heleosaurus (Botha-Brink and Modesto, 2009). The radius
(Fig. 7) is short compared to the humerus, with an

approximately 54 mm length that is 69% of the humeral

length. Similarly, in Watongia and Varanops the radius is
75% the length of the humerus (Reisz and Laurin, 2004;

Williston, 1911) , whereas in Heleosaurus the same value for
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FIGURE 7. Right radii of varanopids in lateral
view. (A) Aerosaurus wellesi (UCMP 40097); (B)
Varanops brevirostris (after Campione and Reisz,
2010); (C) Varanodon agilis (after and reversed
from Olson, 1965); (D) Watongia meieri (after and
reversed from Reisz and Laurin, 2004); (E)
Heleosaurus scholtzi (after Botha-Brink and
Modesto, 2009). Scale bars equal 1 cm.

the radius is much greater at 83% (Botha-Brink and Modesto,

2009). The radius in Aerosaurus is very similar in shape to
other varanopids in having slightly expanded proximal and

distal heads and a ridge that extends the length of its
dorsal surface. The radius is somewhat concave medially,
the humeral facet is concave and faces slightly

dorsomedially.
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As in most varanopids, the ulna (Fig. 8a) is
dorsoventrally flattened and expanded at both ends, more so

FIGURE 8. Elements of forelimb of Aerosaurus (UCMP
40097) (A) right ulna in ventral view (B) left
manus as preserved in matrix and (C) reconstructed
in dorsal view. Abbreviations: 1-5, distal
carpals; I - V, metacarpals; cl, lateral centrale;
cm, medial centrale; in, intermedium; ole,
olecranon; p, pisiform; r, radiale. Scale bars
equal 1 cm.

proximally, similar in shape to that of Varanops (Campione
and Reisz, 2010). It is thicker and longer than the radius,

though not as bowed as the radius. The well-developed
olecranon process accounts for 15% of its 60 mm length,

similarly, the olecranon process of Varanodon is well
ossified (Olson, 1965), though in Watongia it is thin and
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modest (Reisz and Laurin, 2004). The proximal portion of
its dorsal face is slightly concave.

The description and reconstruction of the manus is
based on the disarticulated left of UCMP 40097 (Fig. 8b,
c). The radiale is broad and short, similar to that in

Watongia (Reisz and Laurin, 2004), with the facet for the
medial centrale being much larger than that for the lateral

centrale. There are two raised areas on the radiale,

probably for insertion of the extensor carpi radialis

superficialis and origin of the extensor digitorum communis
brevis (Holmes, 1977). The pisiform is small, in contrast
to the condition in other varanodontines (Reisz and Laurin,

2004). The medial centrale has a wide facet for the
radiale, whereas its distal surface has two facets for

distal tarsals 1 and 2 and the lateral centrale that meet
in a slightly offset angulation. The lateral centrale is

triangular with slightly convex lateral and medial margins
and a distally pointed apex. Of the five distal carpals,
the fourth is longer anteroposteriorly, with the third

longer mediolaterally, these are followed in size by the
first and second, with the fifth being greatly reduced. The
dorsal surfaces of the distal carpals are flat with raised
edges on the proximal and distal margins. The phalangeal
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formula as reconstructed, conforms to the standard 2-3-4-S3. The phalanges decrease serially in length from the first

to the penultimate, with the ungual being slightly longer
than the penultimate phalanx. The phalanges are
dorsoventrally flattened and expanded at both ends, with
the proximal expansion being greater. The unguals are flat

dorsally, and taper to a distal point. Proximally, on the

ventral surface is a well-developed flexor tubercle

probably for the attachment of flexor tendons. On the
lateral surface is a longitudinal blood groove that
nourished the keratinous sheath of the claw (Maddin, Musat-

Marcu, and Reisz, 2007).
In the pelvic girdle of UCMP 40097 (Figs. 9-11), the

sutures of the ilium, ischium, and pubis are not fused,
which is typical of varanopids with the exception of

Archaeovenator (Reisz and Dilkes, 2003). The iliac blade of
UCMP 40097 (Fig. 9) extends posteriorly and slightly
dorsally for 37.5 mm, with a greatest width at its base of

10 mm. There is a ridge running anteroposteriorly and

adjacent to the dorsal margin of the ilium above the
acetabulum, presumably for attachment of the of the

iliofemoralis muscle (Romer and Price, 1940). The iliac
blade tapers distally, similar to the condition in other
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FIGURE 9. Right ilia in lateral view.
(A) Aerosaurus
wellesi (UCMP 40097); (B) Aerosaurus greenleeorum
(after and reversed from Romer and Price, 1940); (C)
Varanops brevirostris (after Campione and Reisz,
2010); (D) Archaeovenator hamiltonensis (after and
reversed from Reisz and Dilkes, 2003).
Abbreviations: ace, acetabulum; ib, iliac blade; il
fem, ridge for attachment of iliofemoralis muscle.
Scale bars equal 1 cm.

varanopids with the exception of Varanops in which the

distal end of the iliac blade is broad (Campione and Reisz,

2010). The articular facets of the ilium for the ischium
and pubis meet at an angle of approximately 70°. The contact

for the pubis is shorter than that for the ischium, similar

to the condition in Varanops (Maddin et al., 2006). The
ischium (Fig. 10) is hatchet shaped, as in Varanops
(Campione and Reisz, 2010; Williston, 1911), with a blade

like distal portion as in Heleosaurus (Reisz and Modesto,

2007). A thickened ridge along the ventral margin of the

acetabulum is also present in other varanopids (Berman and

Reisz, 1982; Reisz and Dilkes, 2007; Williston, 1911). The
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ace

FIGURE 10. Left Ischia in lateral view.
(A)
Aerosaurus wellesi (UCMP 40097); (B) Varanops
brevirostris (after Campione and Reisz, 2010); (C)
Heleosaurus scholtzi (after Carroll, 1976); (D)
Archaeovenator hamiltonensis (after Reisz and Dilkes,
2003). Abbreviations: ace, acetabulum. Scale bars
equal 1 cm.

ischium (UCMP 40097) is about 60 mm long, which is 15%

greater than its height (Fig. 10). It is not possible to
identify the obturator foramen or whether a pubic tubercle

is present in UCMP 40097 (Fig. 11). Similar to other

varanopids, the pubis has a thickened dorsal ridge with a
flattened plate-like area dorsally. The femur of Aerosaurus

UCMP 40093 is approximately 84 mm long with expanded heads
and a slender shaft, similar in shape to that of Varanops

(Campione and Reisz, 2010; Williston, 1911). As in most
"pelycosaurian"-grade synapsids, the femur is longer than
the humerus by about seven percent which indicates that

Aerosaurus has the longest humerus relative to the femur of
any other genus in which the comparison is available, the
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pu
FIGURE 11. Right pubis in
ventrolateral view and ilium of
Aerosaurus (UCMP 40097).
Abbreviations: ace, acetabulum;
il, ilium; pu, pubis.

same measurement is approximately 23% in Varanops (Campione
and Reisz, 2010). The expansion of the proximal and distal

heads of the femur of Aerosaurus is 31% and 26% of its

length, respectively (Fig. 12). An almost identical value
of 32% for the width of the proximal head is calculated in

Varanops (Williston, 1911), but is greater than the same
measurement for Archaeovenator (Reisz and Dilkes, 2003),

Heleosaurus (Botha-Brinks and Modesto, 2009), and
Mycterosaurus (Berman and Reisz, 1982). The relative width
of the distal end in Aerosaurus is less than in any other
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FIGURE 12. Right femora in dorsal view.
(A)
Aerosaurus wellesi (UCMP 40097) ; (B) Varanops
brevirostris (after and reversed from Campione and
Reisz, 2010); (C) Heleosaurus scholtzi (after
Carroll, 1976); (D) Mycterosaurus longiceps (after
and reversed from Reisz et al., 1997); (E)
Archaeovenator hamiltonensis (after Reisz and
Dilkes, 2003). Abbreviations: ant cond, anterior
condyle; fib, articular surface for fibula; interc
fossa, intercondylar fossa; post cond, posterior
condyle; prox art, proximal articular surface.
Scale bars equal 1 cm.

varanopid. The articular surface for the acetabulum is
located terminally on the proximal end. The femur does not

exhibit a substantial sigmoidal curvature, similar to the
condition in Varanops (Campione and Reisz, 2010) and in

contrast to Archaeovenator (Reisz and Dilkes, 2003),
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Heleosaurus (Botha-Brinks and Modesto, 2009), and
Mycterosaurus (Berman and Reisz, 1982). In Aerosaurus the

anterior and posterior margins of the femur are concave, the
anterior margin more so than the posterior, which among

varanopids is most similar to that in Varanops (Williston,

1911). As in other early amniotes, the posterior condyle of
the distal end of the femur extends a short distance beyond
the anterior condyle. The intercondylar fossa is deep and

extends 31.3 mm onto the shaft. As in Varanops, this is

approximately 37% of the femoral length (Williston, 1911),
whereas in Mycterosaurus, the same measurement is only 21%

(Berman and Reisz, 1982). The fibular facet is also long,
extending 23.3 mm onto the shaft or approximately 28% of
the femur length.
The tibia in Aerosaurus has a narrow shaft and greatly

expanded proximal and distal heads (Fig. 13). The lateral
margin is concave, giving the entire bone a slightly bowed

appearance as in Archaeovenator (Reisz and Dilkes, 2003)
and Varanops (Campione and Reisz, 2010). The tibia in

Aerosaurus UCMP 40097 is approximately 52 mm long, 62% the
length of the femur. This is much less than the values for

Archaeovenator (Reisz and Dilkes, 2003), Mycterosaurus
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fib

FIGURE 13. Right tibia
of Aerosaurus (UCMP
40097) in lateral view
and associated
elements of pelvis and
limbs. Abbreviations:
ca, calcaneum; fem,
femur; fib, fibula;
ili, ilium; pub,
pubis; tib, tibia.

(Berman and Reisz, 1982), or Heleosaurus (Botha-Brinks and
Modesto, 2009), which are 75, 78, and 95% respectively, and

in contrast to the condition in Varanops in which the tibia
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is 15% longer than the femur (Campione and Reisz, 2010).
The dorsal surface of the proximal head is divided by a

deep groove, dividing the proximal surface into distinct
medial and lateral facets, whereas the distal end of the
tibia is dorsoventrally flattened with a nearly flat facet
for the astragalus. The proximal end of the fibula is

expanded, with a pronounced tubercle on its dorsal surface.

The shaft is slender and twisted so that distally the
dorsal surface faces posteriorly, similar to the condition
in Varanops (Williston, 1911). The medial surface of the

fibula is concave and the lateral surface nearly straight.
The length of the fibula (UCMP 40097) is approximately 66

mm, making it longer than the tibia, as in Varanops

(Williston, 1911), whereas in Mycterosaurus they are
subequal in length (Berman and Reisz, 1982).
The pedes of UCMP 40097 (Fig. 14) are partially

preserved and articulated and together provide a firm basis
for the reconstruction of the entire pes except for distal

tarsal 5 and the medial and lateral centrales, which may
have been coosified (Fig. 14c). The articular surface of

the astragalus for the fibula is convex. The dorsal surface

is slightly concave with raised margins adjacent to the

facets as in Varanops (Campione and Reisz, 2010; Williston,
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FIGURE 14. Pedes of Aerosaurus wellesi (UCMP
40097). (A) Right and, (B) left as preserved, (C)
left reconstructed in dorsal view. Abbreviations:
1-5, distal tarsals; I - V, metatarsals; as,
astragalus; ca, calcaneum.

1911), Mycterosaurus (Berman and Reisz, 1982), and
Heleosaurus (Botha-Brink and Modesto, 2009). The notch for
the perforating artery cannot be observed in UCMP 40097
because it is covered by the calcaneum which cannot be

removed without risk of damage (Fig. 14a). The outer margin
of the calcaneum is convex as in other varanopids except
Archaeovenator, where the lateral margin is nearly straight

(Reisz and Dilkes, 2003). The medial margin is essentially

straight and thickened, with a distal notch for the
perforating artery. As in Varanops, the fourth distal
tarsal is the largest, followed in decreasing size by the
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first, third, and second (Williston, 1911). The metatarsals
are strongly expanded at either end and dorsoventrally

flattened. The phalangeal formula of the pes is the

standard formula of 2:3:4:5:4. There is a serial increase
in the length of the digits from the first to the fourth

with the fifth digit being intermediate in length between
the second and third. The phalanges increase in width

serially from the first digit to the fourth, with those of
the fifth being more slender than those of the other

digits.

Within each digit the phalanges decrease serially

in length distally except for the ungual, which is longer

than all others except for the proximalmost phalange. As in
the manus, the unguals taper to a distal point. At the
proximal end of the ventral surface there is a well-

developed flexor tubercle for attachment of the flexor
tendons.
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CHAPTER FOUR

DISCUSSION

Aerosaurus is an undisputed Varanodontine, and the
sister taxon to the larger, younger taxa, Varanops and

Varanodon (Anderson and Reisz, 2004; Botha-Brink and
Modesto, 2009; Campione and Reisz, 2010; Maddin et al.,

2006; Reisz et al., 2010), and therefore, a thorough

knowledge of its anatomy provides insight into the
postcranial evolution of varanodontines, and its

differentiation with mycterosaurines (Fig. 15). The high

degree of twist in the humerus, the extremely long tail,
and the subequal lengths of the humerus and femur are
primitive features (Romer and Price, 1940) of Aerosaurus

not seen in other varanopids. A torque of approximately 90°

is reported in Cotylorhynchus (Stovall, Price, and Romer,

1966) and Limnoscelis, a basal diactomorph (Wideman et al.,
2005), an elongated tail in the Ophiacodontidae and

Varanosaurus (Romer and Price, 1940) , and subequal lengths
of humerus and femur in Casea broilii (Olson, 1954) and

Cotylorhynchus (Stovall et al., 1966). On the other hand,
the greater length of the centra compared to the width and
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FIGURE 15. Postcranial reconstruction of Aerosaurus
wellesi, based on UCMP 40097, 40093, 40098, and 40094.
(A) Lateral and (B) dorsal views.

the expanded clavicular plate are judged specializations

seen in more derived varanopids such as Varanops (Campione
and Reisz, 2010; Williston, 1911). The inclusion of

Aerosaurus as a varanodontine is supported by several
synapomorphies that it shares with Varanops , Watongia, and

Varanodon such as a deep and elongate excavation at the

base of the neural spine, in contrast to the shallow and

anteroposteriorly

restricted excavations of

mycterosaurines (Berman et al., this volume; Campione and
Reisz, 2010; Maddin et al., 2006; Sumida et al., this
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volume)r distortion precludes exact measurement of depth of
excavation; dicephalic ribs, presence of a supraglenoid

foramen, expanded proximal and distal ends of the femur,
the femur without a strong sigmoid curvature, and the

length of the tibia less than 70% that of the femur. These

results are supported by phylogenies that are in press such
as Berman et al, in press, and Sumida et al, in press. Many
of these features, including the broadly expanded proximal
and distal ends of the humerus and femur may be due to an

overall larger body size in varanodontines relative to

mycterosaurines. The proximal articular surface
I
encompassing the terminal end of the femur and the screw

shaped glenoid of the scapulocoracoid show that Aerosaurus
was an obligatory sprawling-gaited animal (Holmes, 1977;

2003), a similar articular surface is present in
ophiacodonts, caseids, and edaphosaurids, however in
sphenacodontids the articular surface only occupies two-

thirds of the proximal end (Romer and Price, 1940), with
the expansion of the proximal and distal ends of the

humerus and femur allowing more area for muscle attachment

in a relatively large sized animal.
The subequal lengths of the humerus and femur and the

epipodials being shorter than the propodials might suggest
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that Aerosaurus was still a relatively slower, less agile,
sprawling animal than the smaller mycterosaurines, as leg
length can often be an indicator of stride length (Romer
and Price, 1940). However, Aerosaurus was probably no
confrontational threat to the larger sphenacodontids also

found in the Arroyo de Agua deposits, which were larger and

longer legged (Romer and Price, 1940).
Aerosaurus is larger than the mycterosaurines but
smaller than other varanodontines depending on the

phylogenetic placement of Elliotsmithia (Berman and Reisz,

1982; Botha-Brink and Modesto, 2009; Campione and Reisz,
2010; Olson, 1965; Reisz and Laurin, 2004). Therefore, it

appears that the evolution of varanodontines is marked by
an increase in size, and it is possible that they became

dominant predators in the upland ecosystems of Laurasia
where other large synapsid predators such as large
sphenacodontids appear to be rare or absent (Berman et al.,_

in press; Langston and Reisz, 1981; Maddin et al., 2006).

Such hypotheses have been suggested by Maddin et al.

(2006); Olson (1991); and Sullivan and Reisz (1999); for
the Richards Spur locality, Oklahoma as well as by Berman

et al.

(in press); Eberth et al.

(2000); and Reisz and

Modesto (2007) for the Bromacker Quarry in Germany. The
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smaller size of

Aerosaurus compared to other varanodontines

may be related to the presence■of larger synapsid carnivores
such as sphenacodontids in the Arroyo del Agua deposits.

Mycterosaurines,

however,

and are more widespread,

remained small,

agile predators,

including examples from both

Laurasia and Gondwana.
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